Maxillofacial appliances provide a treatment option for patients with facial defects that are not surgically restorable. 1, 2 A facial prosthesis should not be immediately recognized as such from a distance by an observer; this is a direct indication of the success of maxillofacial prosthetic treatment. 3 A major limitation of facial prostheses is their color degradation over time, which requires their frequent renewal, often within less than a year after provision. 4, 5 This color instability has been related to environmental factors including UV light, humidity, air pollutants, personal habits of patients (cleaning routine, smoking), the color instability of elastomers and colorants, and the loss of extrinsic coloring. [6] [7] [8] [9] Facial prostheses are typically fabricated from silicone elastomers and pigments, and their color stability has been investigated. Studies have compared nonpigmented elastomer (pure elastomer without incorporated pigments) with pigmented elastomer and concluded that the inherent color instability of nonpigmented elastomer contributed to the observed overall color changes of maxillofacial prostheses. [9] [10] [11] [12] [13] Studies have used accelerated aging in a weathering chamber [13] [14] [15] [16] [17] and natural outdoor weathering [8] [9] [10] 18, 19 to simulate the environmental factors maxillofacial silicones are exposed to in Results. A significant effect of time was found on the DE of all test specimens in all environments (P=.001). All pigmented M511 specimens demonstrated good color stability with maximum DE below the acceptability threshold of 2 DE when stored in darkness and exposed to outdoor weathering. However, nonpigmented specimens crossed this acceptability threshold when exposed to outdoor weathering with maximum DE values of 3.65. The greatest color changes were observed for all specimens when exposed to accelerated aging and most exceeded the acceptability threshold. Nonpigmented (DE, 4.86) and Indian yellow (DE, 5.20) demonstrated the highest color changes after 1500 hours. order to predict their color stability in clinical service. The methodology in these studies has varied, making a direct comparison of one with another impossible. However, accelerated aging generally caused higher color changes than natural outdoor weathering in both nonpigmented and pigmented maxillofacial elastomers.
Studies have generally confirmed that the exclusion of UV light results in smaller color changes of maxillofacial silicones. 8, 11, 12, 18 However, one study 20 reported extreme color changes of more than 20 color changes (DE) for M511 and M522 maxillofacial silicone (Principality Medical Ltd) after storage in darkness for 1 year, which contrasts with other studies. 8, 11, 12, 18 Furthermore, an in vitro study 18 has shown the adverse effect of sebaceous oil secretions and skin perspiration on the color stability of maxillofacial elastomer.
Investigations of the color stability of inorganic and organic pigments have concluded that inorganic pigments are generally more color stable than organic pigments as the latter are more likely to decay with aging and exposure to adverse environmental conditions. 21 A variety of dry pigments, opacifiers, artists' oil paints, liquid cosmetics, and silicone pigments have all been shown to have different effects on different elastomers. [14] [15] [16] 22 Oil-based pigments combined with opacifiers at varying concentrations and certain silicone pigments have been found to protect maxillofacial elastomer. 15, 16, 22 However, the use of yellow silicone pigment significantly affected the color stability of A-2186 and A-2000 elastomer (Factor II Ltd) with maximum color changes of more than 10 DE. 16, 22 Color changes of maxillofacial elastomer have been measured with instruments such as spectrophotometers and colorimeters, [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] 22 and the CIELab 1976 equation 23 has frequently been applied. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] However, which color changes of facial prostheses are visually perceptible and which are clinically acceptable is still unclear as different values for perceptible thresholds (PT) and acceptable thresholds (AT) have been reported. 24 were used, based on previous studies. 26, 27 The purpose of this study was to investigate the color stability of M511(Technovent Ltd) colored with pigments dispersed in the same M511 base elastomer (Spectromatch Pro; Spectromatch Ltd) and involved storage in darkness, accelerated aging, and outdoor weathering. The null hypothesis was that the color stability of nonpigmented and pigmented M511 silicone would not be adversely affected when exposed to these environments.
MATERIAL AND METHODS
Indian yellow, Alizarin crimson, Logwood maroon, Malachite green (all organic), and MeSi green (inorganic) pigment pastes (Spectromatch Pro; Spectromatch Ltd) were used to color M511 elastomer (Technovent Ltd). Seven test groups were designed and included nonpigmented silicone specimens (pure elastomer without incorporated pigments), specimens colored with these pigments and a Caucasian skin tone, which was established by mixing individual Spectromatch Pro pigments. Six specimens were produced per test group and environment, and this sample size was based on previous studies. [12] [13] [14] [15] [16] To fabricate the specimens, the base polymer and cross-linker of M511 were mixed at a ratio of 10:1. To fabricate the colored specimens, 2% by weight of each individual colorant was added to the elastomer. For skincolored specimens, a color recipe for a typical white skin tone was used from the anonymous skin color data bank provided by Spectromatch Ltd. For all specimens, elastomer and pigments were weighed on a high-precision scale (GR-120; AND Instruments) and then centrifugally mixed 3 times for 30 seconds at 1800 rpm by using the Speed Mixer (DAC 150 FVZ-K; Hauschild Engineering GmbH). A 2-piece aluminum mold containing an inner polytetrafluoroethylene (PTFE) layer was used to process all specimens. The elastomer was polymerized at 85 C for 1.5 hours; all fabricated specimens measured 40 mm in length, 20 mm in width, and 8 mm in thickness.
Specimens were either stored in darkness or exposed to accelerated aging or natural outdoor weathering for 1500 hours. For darkness storage, the specimens were kept in a filing cabinet where room temperature was maintained at 22 ±2 C. Accelerated aging was performed in a weathering chamber (Q-Sun/1000 XENON Test Chamber; Q-Panel Lab Products) where all specimens were exposed to a 1.10 Wm −2 xenon light source. The temperature of the chamber was maintained at 40 C, equivalent to a black panel temperature of 63 C and a relative humidity of 38% ±2%. Natural outdoor weathering was conducted on the roof of a 5-story building on Guy's Campus, King's College, London, in accordance with American Society for Testing and Materials (ASTM) G24-94 and use of a glass-covered wooden cabinet. 28 Average monthly outdoor weathering conditions are presented in Table 1 .
Clinical Implications
M511 maxillofacial silicone colored with Spectromatch Pro colorants demonstrated good overall color stability when stored in darkness and exposed to accelerated aging and outdoor weathering. Both materials are recommended for the fabrication of maxillofacial prostheses.
Prior to color measurement, the test specimens were cleaned with distilled water and a detergent (Procter & Gamble), wiped dry, and then conditioned at a room temperature of 22 ±2 C for 30 minutes. A spectrophotometer (CM-2600d; Konica Minolta Sensing) was used to measure the color of all specimens at base line (0 hours) and then every 100 hours for a total of 1500 hours. Before all measurements, the spectrophotometer was calibrated according to the manufacturer's instructions. The instrument settings for this study involved a D65 standard illuminant, a viewing geometry of 8 degrees, and a 10-degree standard observer. A measuring head aperture of 8 mm was used, and a xenon flash light diffusely illuminated the specimens to be assessed.
A custom-designed specimen holder ensured the light reflectance readings were made at the same location. All specimens were measured 3 times over a white (W) and 3 times over a black (B) standard background, which is an accredited methodology in color stability testing and has been applied by various authors. [29] [30] [31] The DE values for all specimens relative to time 0 were calculated from the equation 23 :
Small-aperture color measurements applied to turbid materials may result in incorrect values of color coordinates because of edge loss as part of the reemitted light of the spectrophotometer beam may be lost outside the aperture area. 32 However, this effect was compensated in the study design by making 3 individual color measurements of each specimen to ensure the validity and repeatability of color recordings and was in accordance with a previous study. 33 Statistical analysis was performed with statistical software (Stata Statistical software: Release 14; Stata Corp) (a=.05 for all tests). Because each specimen was measured 3 times at each time, the data were correlated and repeated. Taking the arithmetic mean of the repeated measurements and then using this in a repeated measures ANOVA is common practice; however, this loses the variability of the repeated measures of each specimen. Consequently, the data were analyzed using a linear mixed-effects model in which the Stata program "mixed" data to use all the raw data. In the analysis, pigment, environment, and background were considered categorical variables and time was continuous as the experiment was designed to consider the effect of the variables over the entire period. Where appropriate, the Sídák multiple comparison of means test was used to compare groups. For conciseness, the results of the linear mixed-effects model statistical analysis were reported as the probabilities, rounded to 3 decimal places, related to the main factors. The interactions were reported where appropriate.
34,35

RESULTS
An initial analysis involving all independent variables showed all main factors (time, pigment, environment, and background) to be statistically significant, together with several of the interactions as shown in Table 2 . As this makes a meaningful interpretation of the data difficult, the data were split by background; a pairwise comparison of the environments for each background is summarized in Table 3 . The comparison of pigments in each environment background combination is provided in Table 4 , and a univariate data summary of DE after 
P(D-O) P(D-A) P(O-A) P(D-O) P(D-A) P(O-A)
P(D-O), darkness-outdoor aging; P(D-A), darkness-accelerated aging; P(O-A), outdooraccelerated aging.
1500 hours of weathering for all test groups and environments is provided in Table 5 . The smallest color changes were observed for specimens stored in darkness (Fig. 1 ) and the greatest for specimens exposed to accelerated aging (Fig. 2) 
DISCUSSION
This study investigated the color stability of M511 silicone and showed that specimens of all test groups underwent varying amounts of color change. Accordingly, the null hypothesis was rejected; these findings agreed with those of other studies. 8, 9, 12, [17] [18] [19] [20] A significant effect of time was found on the DE (P=.001) for all specimens and environments. Specimens stored in darkness underwent the smallest color changes (maximum, 1.31 DE), whereas accelerated aging resulted in the largest color changes (maximum, 5.20 DE) of specimens and was in agreement with other studies. 11, 17, 18 Nonpigmented elastomer stored in darkness exhibited only a visually perceptible color change of 1.16 DE (W), but this was higher than that of most of the pigmented test specimens. Only Alizarin crimson (DE, 1.24) and Indian yellow (DE, 1.31) crossed the PT. These observed color changes for elastomer stored in darkness may be inherent in the elastomers, as the known effect of UV radiation was excluded. 8, 11, 12, 20 Furthermore, these color changes may result from additional cross-linking caused by continued polymerization of the silicone or by side reactions among impurities present within the silicone. 8, 11, 12, 20 Platinum compounds used as catalysts in addition to polymerizing silicones are especially known for their sensitivity to impurities. 8, 11, 18 A PTFE mold was used in this study to prevent the influence of impurities and may explain the observed smaller color changes.
For accelerated aging, nonpigmented specimens demonstrated a maximum color change of 4.86 DE (W),
and an increase in cross-linking in the elastomer network may have been a response to exposure to UV light, resulting in modifications in the polymer structure. These structural changes might in turn have influenced the transmission and scattering of light in the elastomer, thereby contributing to the observed color changes. [11] [12] [13] 18 For pigmented specimens, Logwood maroon was the most 18 were much higher than those recorded in a hot and humid climate. 19 The same elastomer and colorant and a similar methodology were used in both studies, suggesting that humidity and rainfall have a greater effect on colored elastomer than do heat and sun. However, to draw substantial conclusions, further investigations will be needed. The color changes observed in this current study were significantly lower than those measured in the same climate 18 but similar to the results stated for a much warmer climate, 19 related perhaps to the different elastomers and colorants used.
Outdoor weathering may better represent the natural environment in the study of silicone facial prostheses in service, and any changes in color observed after outdoor aging would therefore reflect the expected color changes of facial appliances. However, the greater changes in color after accelerated aging are more similar and closer to those observed in clinical service. Overall, M511 elastomer used with Spectromatch Pro pigments demonstrated better color stability than other elastomer and colorant combinations when investigated in a similar climate. 8, 18 The use of Spectromatch pigments in this current study resulted in varying degrees of color change and ranged from as little as 0.19 DE for Caucasian skin stored in darkness to as much as 5.20 for Indian yellow exposed to accelerated aging. Spectromatch Pro pigments can be grouped with silicone pigments as they are dispersed in base elastomer. Few investigations have been conducted on the color stability of silicone pigments. [14] [15] [16] 22 The greatest DEs were reported for the yellow silicone pigment with 10.3 DE combined with 5% silicone white pigment as opacifier 16 and 8.4 DE combined with 2.5% nano cerium dioxide. These observed color changes are higher than those observed for Spectromatch Pro silicone pigments in this current study. However, a direct comparison of these investigations with the current study is impossible due to varying materials and research methodology. Based on the results of this study, M511 elastomer colored with Spectromatch Pro pigments demonstrated good overall color stability. However, these statements are based on the investigation of a single environmental factor and may be considered a limitation. Research into color changes of facial prostheses should involve multifactorial environments and therefore should be carried out as in vivo studies. Investigation of maxillofacial elastomer in direct contact with human skin over a longer period should involve all environmental factors at the same time; only then can the real effect be assessed.
CONCLUSIONS
Within the limitations of this in vitro study, the following conclusions were drawn:
1. Storage in darkness resulted in the smallest visible color changes, and exposure to accelerated aging in a weathering chamber resulted in the highest visible color changes of nonpigmented and pigmented M511 maxillofacial silicone. 2. The material combination of M511 silicone base elastomer and Spectromatch Pro colorants demonstrated good overall color stability.
